from patients and mice, compared with control colon tissue. In mice, IHH signaling was exclusively paracrine, from the epithelium to the stroma. Loss of IHH from Apc HET mice almost completely blocked adenoma development, whereas overexpression of SHH increased the number and size of adenomas that developed. Loss of IHH from Apc HET mice changed the composition of the adenoma stroma; cells that expressed α-smooth muscle actin or desmin were lost along with expression of cyclooxygenase-2, whereas the number of vimentin-positive cells increased.
aBStRact objective: Indian hedgehog (IHH) is an epithelial derived no-danger signal in the intestinal stroma, inducing factors that restrict epithelial proliferation and suppress activation of the immune system. In addition to these rapid effects of IHH signaling, IHH is required to maintain a stromal phenotype in which myofibroblasts and smooth muscle cells predominate. We investigated the role of IHH signaling during development of intestinal neoplasia in mice. by immunohistochemistry and quantitative reverse-transcription PCR. We also analyzed levels of IHH and its transcriptional targets in intestinal tissues from patients with familial adenomatous polyposis (n=18) or sessile serrated adenomas (n=15) and normal colonic tissue from control patients (n=12).
Results: Expression of IHH and its targets were increased in intestinal adenomas
from patients and mice, compared with control colon tissue. In mice, IHH signaling was exclusively paracrine, from the epithelium to the stroma. Loss of IHH from Apc HET mice almost completely blocked adenoma development, whereas overexpression of SHH increased the number and size of adenomas that developed. Loss of IHH from Apc HET mice changed the composition of the adenoma stroma; cells that expressed α-smooth muscle actin or desmin were lost along with expression of cyclooxygenase-2, whereas the number of vimentin-positive cells increased.
conclusion: Apc mutant epithelial cells secrete IHH to maintain an intestinal stromal
phenotype that is required for adenoma development in mice.
intRoduction
Activating mutations in the Hedgehog pathway can be sufficient to initiate cancer development. Such mutations are found in both familial and sporadically occurring basal cell carcinomas and medulloblastomas. 1, 2 The role of Hedgehog signaling as a causative factor in these cancers is further supported by several mouse models with activating mutations in the Hedgehog pathway. Similar to humans such mice develop basal cell carcinomas and medulloblastomas. 3 The role of Hedgehog signaling in tumorigenesis in other organs is less well defined. In the gastrointestinal tract, mutations in the Hedgehog signaling pathway are insufficient to initiate tumor formation since patients and mice with activating mutations in the pathway develop gastroinestinal stromal tumors 4 but do not develop gastrointestinal carcinomas.
Indian Hedgehog (Ihh) is expressed by differentiated enterocytes in the epithelium of small intestine and colon 5, 6 and signals in a paracrine manner from the epithelium to the mesenchyme. 7 In the normal intestine Ihh negatively regulates Wnt signaling, epithelial precursor cell proliferation and crypt expansion through the control of mesenchymal factors such as Bone Morphogenetic Proteins (Bmps) 8, 9 and Activins. 6 Furthermore, prolonged loss of Ihh signaling results in the loss of smooth muscle cells and myofibroblasts leading to the loss of villi and development of chronic intestinal inflammation.
6,10
Colon cancer develops in a well recognized sequence of events termed the adenoma to carcinoma sequence. Adenomas are non malignant neoplastic lesions that carry a risk to progress to cancer. The best studied mutation that can lead to adenoma development in mice and men is the Wnt pathway activating mutations in the APC gene. 11, 12 Little is known about the role of Hedgehog signaling in adenoma formation, and therefore in the earliest stages of colorectal cancer development. For example it has not been examined whether Hedgehog signaling is restricted to the mesenchyme at the adenoma stage and what the role of Hedgehog signaling is in adenoma incidence and progression. 
Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were represented as the mean ± standard error of the mean (SEM). Samples were analyzed using the Student's t-test. For multiple comparisons, a one-way analysis of variance was used followed by a Bonferroni post-hoc test. Differences were considered statistically significant at a P value of less than 0.05.
ReSuLtS
Prolonged loss of ihh in Cyp1a1Cre-Ihh KO mice results in hyperplasia, not dysplasia
In our previous work we found that specific and inducible deletion of Ihh in the adult small intestine epithelium using the Cyp1a1-Cre promoter resulted in a proliferative Figure 1B ). In addition, we observed extensive nuclear accumulation of β-catenin ( Figure 1C ) and overexpression of CD44, both surrogate markers for Wnt activation ( Figure 1D ). 
ihh signals exclusively to the mesenchyme in adenomas
To study the mode of Ihh signaling in tumors we used Gli1CreERT2 mice, which express a tamoxifen inducible Cre that is controlled by regulatory elements of Hedgehog target
Gli1
. 16 We crossed these mice to Rosa26-ZSGreen reporter mice in which a Cre excisable roadblock sequence sits between the ubiquitously expressed Rosa26 promoter and antibodies against known stromal cell markers a-smooth muscle actin (α-Sma) and desmin ( Figure 2D ). We found that many of the Hedgehog responsive cells co-localize with α-Sma and desmin. This shows that most of the stromal Hedgehog responsive cells in adenomas are myofibroblasts and smooth muscle cells similar to the normal mucosa.
In addition to the Gli1 reporter mouse we also examined Ptch-lacZ reporter mice crossed to ApcMin mice. In Ptch-lacZ mice thelLacZ gene is knocked into the locus of the gene that encodes Hedgehog receptor and target Ptch. In heterozygous mice Hedgehog responsive cells can be identified by their blue color upon β-galactosidase staining.
17
As in the Gli1 reporter mice, we found that lacZ positive, Hedgehog responsive cells localize exclusively to the adenoma stromal cells (Supplementary Figure 1B) . These experiments show that the canonical Hedgehog signaling pathway is active in the stroma and not in epithelial cells, proving that there is no evidence for autocrine Hedgehog signaling in intestinal adenomas and that signaling is exclusively paracrine from the adenoma epithelium to the adenoma stroma. Figure 3A) . Loss of Ihh correlated with loss of Hedgehog targets Gli1 (85% reduction, P=0.01, Figure 3B ) and Hhip (78% reduction, P=0.02, Figure 3C ). Loss of Hhip expression in the intestinal stroma was confirmed by ISH ( Figure 3D ). These results show that Cre recombination of Ihh is efficient in the small intestinal epithelium and maintained over a period of 4 months as we previously described. To confirm the role of Hedgehog signaling in Apc mutant intestinal adenoma formation, we generated mice in which Shh was specifically overexpressed in the intestinal epithelium. To achieve this, we used the VillinCre mouse, a mouse in which
Ihh is required for Apc mutant intestinal adenoma formation
Cre is specifically expressed in the intestinal epithelium, and crossed it to Rosa26-Stop Figure 2) .
Together these data show that Ihh is required for the initiation of intestinal adenoma formation but is not required for subsequent adenoma growth. that all three lineages were lost from the adenoma stroma similar to the loss of these lineages in normal mucosa upon prolonged loss of Ihh signaling. 6, 7 However, when we quantified the total amount of stroma in adenomas from wild type mice compared to Ihh mutant mice we found no significant difference ( Figure 6E ). Also, immunohistochemistry for macrophage marker F4-80 and T cell marker CD3 showed that the number of these cells present in the adenoma stroma were unchanged (Supplementary Figure 4) . This suggests that the stroma is altered in its composition rather than lost. We previously These experiments suggest that Ihh signaling is required to maintain adenoma stroma differentiation and that the stroma undergoes gross phenotypic changes upon loss of Ihh. 
Loss of tumor suppressive Hedgehog targets in Ihh mutant adenomas

Loss of ihh results in gross changes in the composition of the adenoma stroma
cox2 expression is lost in Ihh mutant adenomas
We found that Ihh expression is required for the maintenance of the phenotype of α-Sma and desmin positive cells in Apc mutant adenomas and that Ihh mutant animals develop fewer adenomas. These data therefore suggest that α-Sma and desmin positive cells or the factors they produce are necessary for adenoma formation.
COX2 is normally not found in normal colonic epithelium, but it is overexpressed in early adenoma to carcinoma transition and plays an important role in adenoma formation. 21 Furthermore, deletion of Ptgs2, the gene that encodes Cox2 was shown to give a highly significant reduction of adenoma number in mice with mutations in the Apc gene. 22 At the adenoma stage Cox2 is expressed by stromal cells. 23 Therefore, we examined Cox2 expression in our mice by quantitative RT-PCR and immunostaining.
As shown in Figure 7A 
diScuSSion
Ihh is a critical epithelial-to-stromal signal that acts to maintain mucosal homeostasis in the adult small intestine and colon. 24 Here we find that Ihh signaling is increased during adenoma development in both mice and humans. We find that Ihh signaling in adenomas remains purely paracrine from the epithelium to the underlying stromal cells as in the normal intestine. Despite the important anti-proliferative role of Ihh in the normal intestine we observed that loss of Ihh almost completely abrogates intestinal adenoma development. Our data suggest that Ihh is vital to maintain a stromal phenotype of α-Sma and desmin positive cells that are the source of important signals in adenoma development such as Cox2 ( Figure 7E ).
In the Ihh mutant mice we find that adenoma incidence is greatly decreased but their size distribution is similar to controls. This suggests that the stromal phenotype that is imposed by Ihh signaling is required for initial adenoma formation but not for subsequent adenoma progression. Although very small adenomas may have been missed in the gross morphological adenoma scoring that was performed, we did not observe accumulation of small adenomas in Ihh mutant mice when we studied their intestines under the microscope for the various analyses. Although we found that adenomas in
Shh
OE
Apc
Min mice were larger than in controls this may in fact be due to accelerated adenoma initiation in these mice as the Shh transgene is actually expressed from before birth. This interpretation would also be consistent with the experiment in which we treated 
6,26
The results obtained in our experiments to determine the role of Ihh signaling during adenoma development suggest that the long term effects of Ihh signaling that determine stromal phenotype predominate over short term signaling functions that could conceivably reduce epithelial proliferation in adenoma development. This may explain the opposing effects of Foxf2 and Ihh during adenoma development. Foxf2 is a key mesenchymal Hedgehog target and during normal development there is a striking similarity between the phenotypes of loss of Hedgehog signaling and Foxf2 signaling. 9, 19 However, in contrast to the role of Hedgehog signaling observed in our experiments it has been shown that Foxf2 dose dependently reduces adenoma development. 20 This is despite the fact that Foxf2 behaves as a Hedgehog target in our hands as expected with upregulation of Foxf2 expression in the adenomas, loss in Ihh mutant adenomas and concurrent loss of Bmp4 which is a target of Foxf2. 19 Stromal indian hedgehog signaling is required for intestinal adenoma formation in mice
Our experiments clearly establish that Apc mutant epithelium needs to secrete Ihh in order to maintain an underlying stromal phenotype that is required to allow adenoma formation. We show that in the absence of Ihh adenomas lose expression of Cox2.
The fact that we find no evidence of direct regulation of Cox2 by Hedgehog signaling supports the idea that Ihh may modulate adenoma development by affecting the stromal cell composition rather than by direct effects of Hedgehog targets. We hope to identify further stromal drivers of adenoma development in future experiments in which we will further characterize the way Ihh signaling affects the adenoma stroma. Subsequently, intestines were rolled up and embedded in paraffin. trypsin: Slides were incubated for 20 minutes at 37°C in a humidified chamber with 0.05% trypsin and 0.1% calciumchloride pH 7.8 and then left at room temperature for 10 minutes.
SuPPLementaRy metHodS mice
Gli1CreERT2, Rosa26-ZSGreen and
Human adenomas
After antigen retrieval slides were blocked with in PBS with 0.1% Triton X-100 and 1%
bovine serum albumin for 30 minutes, followed by incubation overnight at 4°C with the primary antibody in PBS with 0.1% Triton X-100 and 1% bovine serum albumin.
Antibody binding was visualized with Powervision HRP labeled secondary antibodies from Immunologic and diaminobenzidine for substrate development. All sections were counterstained with Mayer's haematoxylin.
Immunofluorescent staining
For immunofluorescent double staining slides were pretreated as for immunohistochemistry, see above. Immunofluorescent stainings on sections from Gli1CreERT2-Rosa26-ZSGreen no antigen retrieval was performed. Antibodies were diluted in PBS with 0.1% Triton X-100 and 1% bovine serum albumin and slides were incubated for one hour on room temperature. Afterwards, slides were washed in PBS and incubated for 1 hour For this staining an additional amplification step was performed. On day 2, after incubation with the primary antibody, we added rabbit anti-rat F(ab')2 fragments (Southern Biotech, 6130-01) 1:3000 in PBS with 0.1% Triton X-100 and 1% bovine serum albumin.
In situ hybridization
For in situ hybridizations (ISH), sections were deparaffinized and rehydrated. 
Rna isolation, complementary dna Synthesis, and Quantitative Reversetranscription Polymerase chain Reaction
For isolation of RNA adenomas and scrapes of epithelium of the small intestine was collected. Tissue was homogenized in 1 ml Trizol (Invitrogen) and RNA extraction was performed according to the manufacturer's instructions. For cDNA synthesis, 1 μg of RNA was transcribed using Revertaid (Fermentas). Quantitative RT-PCR was performed using SybrGreen (Qiagen) according to the manufacturer's protocol on a BioRad iCycler and primers from mouse qPrimerdepot (mouseprimerdepot.nci.nih.gov/), human qPrimer depot (http://primerdepot.nci.nih.gov/) or pre-optimized primers from Qiagen.
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), cyclophilin or actin was used as household gene. 
